Data collected in a large epidemiologic study were analyzed to examine respiratory health effects of residential coal use in 7058 school children living in the four Chinese cities of Chongqing, Guangzhou, Lanzhou, and Wuhan. A Scenario Evaluation Approach was used to develop two exposure variables, heating coal smoke and cooking coal smoke. Estimated lifetime exposures to heating coal smoke and cooking coal smoke were both classified into fourlevel ordinal scales, as follows: no reported exposure (control); lightly exposed; moderately exposed; and heavily exposed. Zero-one dummy variables were constructed for each exposure level other than the control level (total six variables). These variables were entered into the analytical model. We tested for exposure-response relationships using logistic regression models, while controlling for other relevant covariates, including an indicator variable of ambient air pollution levels. We observed monotonic and positive exposure-response relationships of exposure to heating coal smoke with modeled odds ratios (ORs) of phlegm, cough with phlegm, and bronchitis. Other health outcomes were not associated with such exposure in a monotonic exposureresponse pattern. However, ORs for cough, wheeze, and asthma were all higher in the exposed groups than in the control group. We observed no consistent associations between cooking coal smoke and the examined health outcomes. We conclude that exposure to heating coal smoke could have adverse effects on children's respiratory symptoms and illnesses in these four Chinese cities.
Introduction
It has been well documented that indoor air pollution is a risk factor for the development of respiratory symptoms and illnesses in children (Ware et al., 1984; Samet and Lambert, 1991; Forastiere et al., 1992; Venners et al., 2002 ). In the current literature of air pollution epidemiology, residential gas combustion is often considered to be a major source of indoor air pollution (Dijkstra et al., 1990; Neas et al., 1994; Cuijpers et al., 1995; Pikhart et al., 1999) . The reason is that coal and other ''dirty'' solid fuels are rarely used in the Western countries where most available studies have been conducted. In many less developed countries such as China, however, residential coal combustion is one of the major sources of indoor air pollution (Smith, 1993; Pope and Xu, 1993; Zhang et al., 2002) . For example, across eight urban and suburban districts in the four Chinese cities of Chongqing, Guangzhou, Lanzhou, and Wuhan, approximately 51% to 71% of households used coal for heating or cooking (Wei et al., 1999; Qian et al., 2000) . Burning coal may generally produce more air pollutants, in greater amounts, than burning liquid fuels or gas (Zhang and Smith, 1996) . However, few studies have examined the health effects of residential coal use. The results from the limited published studies are somewhat inconsistent (Xu and Wang, 1993; Yang et al., 1995; Zhang et al., 1999) .
The extent to which exposure to smoke from residential coal use affects children's respiratory health is not yet clearly understood, particularly when the exposure is accompanied by high levels of ambient air pollution. Inconsistencies in published results may partly result from uncertainties associated with indoor exposure characterization and classification. The goals of the present study were (1) to develop improved information by constructing ordinal metrics for children's lifetime residential exposures to both heating coal smoke and cooking coal smoke, using a Scenario Evaluation Approach and (2) to examine associations of these metrics with prevalence rates of respiratory symptoms and illnesses in children, controlling for ambient air pollution levels and other relevant covariates in statistical models.
Methods

Data Collection
Detailed descriptions of the study sites and population of the Four Chinese Cities Study have been reported elsewhere (Zhang et al., 2002) . Briefly, we have conducted this study since 1988 to investigate the respiratory health effects of longterm exposure to ambient (outdoor) and indoor air pollution in children and adults living in the four Chinese cities of Chongqing, Guangzhou, Lanzhou, and Wuhan. These four cities were chosen to maximize intercity and intracity gradients in both indoor and outdoor air pollution exposure and to minimize correlations among different pollutants. Health outcome and exposure data used in this study were collected from 1993 to 1996 in the four cities. In each city, an urban district and a suburban district were selected for monitoring ambient air pollution levels of total suspended particles (TSP), size-fractionated particulate matter including PM 2.5 , PM 2.5-10 , and PM 10 , sulfur dioxide (SO 2 ), and oxides of nitrogen (NO x ) . In each district, one primary school was selected. All students in each school were surveyed using a questionnaire specifically developed for the study (Chapman et al., 1995) .
The questionnaire survey was conducted from 1993 to 1996. In total, 7754 completed questionnaires were returned and a very high return rate was obtained (96.9% to 100%). Before the questionnaire survey was conducted, written signed consents had been received from parents or guardians of all the children under study. During the survey, with the help of the principals and other school personnel, the study staff invited the parents or guardians to have a meeting in the schools and obtained parental consent for each subject's participation. The parents or guardians completed the questionnaires at the schools in Wuhan, Lanzhou, and Chongqing, but not in Guangzhou, where the parents had completed the questionnaires at home. The study staff visited a small fraction of the participants when a clarification was required on the completed questionnaires. The questionnaires collected the following information (Chapman et al., 1995): (1) general demographic data, such as address, name of person completing the questionnaire, child's age, sex, grade, etc.; (2) child's health history and current status of respiratory symptoms and illnesses (cough, phlegm, bronchitis, wheeze, asthma); (3) parental health history and current status of respiratory illnesses and symptoms; (4) house characteristics (type of dwelling, number of rooms in a house, number of residing family members, presence of household ventilation apparatus, smoking status and history of parents and other family members, type of heating and cooking fuel, type of heating and cooking system); (5) child's living habits (number of years a child lived in the current residence, whether the child lived in his/her own room); and (6) indicators of socio-economic status (parental education level and occupation). In addition, the questionnaire was designed to collect the above information in three time windows of a child's lifetime: 0-3 years old, 3-6 years old, and above 7 years old.
Definition of Health Outcomes
The following respiratory conditions were determined from questionnaire responses: (1) cough: a child usually has cough for more than 1 month per year; (2) phlegm: a child usually brings up phlegm or mucus from his/her chest for more than 1 month per year; (3) cough with phlegm: a yes answer to both cough and phlegm questions (cough: a yes answer to either of the two questions ''When this child has cold, does he/she usually have a cough?'' or ''When this child does not have a cold, does he/she usually have a cough?'' phlegm: a yes answer to either of the two questions ''When this child has cold, does he/she usually bring up phlegm or mucus from his/her chest?'' or ''When this child does not have a cold, does he/she usually bring up phlegm or mucus from his/her chest?''); (4) wheeze: a yes answer to either of the questions ''Has this child's chest ever sounded wheezy or whistling when he/she has had a cold?'' or ''Has this child's chest ever sounded wheezy or whistling when he/she has not had a cold?'' or ''Has this child's chest ever sounded wheezy or whistling on most days or nights?''; (5) bronchitis: a yes answer to the question ''Has a doctor ever diagnosed bronchitis in this child?''; and (6) asthma: a yes answer to the question ''Has a doctor ever diagnosed asthma in this child?''
Exposure Assessment Methods
The Scenario Evaluation Approach was used to construct two indoor exposure variables, heating coal smoke and cooking coal smoke, by using responses from the questionnaire survey (Lioy, 1990; Sexton, 1991; EPA, 1992) . A detailed description of these two constructed variables was reported elsewhere (Qian, 2001) . Briefly, the questionnaire data contain information on whether a household was heated in most winters, the beginning and ending month the household was heated, the type of heating fuel, and whether the household had a chimney for ventilation when heating. These factors are closely related to children's exposure to heating coal smoke. Therefore, a semiquantitative variable, called heating coal smoke, was constructed as a surrogate for the children's exposure to the heating coal smoke. The questionnaire data also include information on whether a household used coal as cooking fuel, how long a household used coal as the cooking fuel, cooking frequency of each week, presence of ventilation apparatus, presence of a separate kitchen, and whether the windows were open while cooking in winter and in summer. These factors were used to calculate another semiquantitative variable, called cooking coal smoke, to be a surrogate for the children's exposure to cooking coal smoke.
A cluster analysis was used to classify combined ambient pollution levels of pollutant mixtures of PM 2.5 , PM 2.5-10 , (TSP-PM 10 ), SO 2 , and NO x . Based on the combined pollution levels, the eight districts were classified into four district clusters. An ordinal variable, called district cluster, was then constructed to reflect the overall levels of the outdoor air pollution mixture.
Statistical Methods
Unconditional logistic regression models were constructed to examine associations between health outcomes and the two ordinal indoor exposure variables, controlling for the following covariates: age, gender, whether sleeping in own room, mother's education level, father's smoking status, type of house, type of cooking oil, and the district cluster (the district cluster was used as a surrogate for the long-term exposure to the ambient pollutant mixtures). Models were constructed with main effects only, and then with main effects and interaction terms. The former fit the data better than the latter on the basis of the Akaike Information Criterion and the Schwartz Criterion. Thus, only the results of the main effect models are reported here. The SAS logistic procedure was used in the analyses (SAS Institute Inc., 1990 , 1995 . Table 1 shows the characteristics of study subjects and households in the four district clusters. The subjects ranged in age from 5 to 16 years, with an overall sex ratio of approximately 1:1. A majority (59% to 83%) of the subjects' mothers had received low levels of education (had no schooling, attended or graduated from primary school, or attended or graduated from middle school). Paternal smoking status was considered in this analysis, given that very few mothers were smokers at the time the study was conducted. Paternal smoking status was defined as ''yes'' when a father had smoked more than 100 cigarettes or an equivalent amount of tobacco in his lifetime. According to this definition, the proportions of smoking fathers approximately ranged from 66% to 81%. More study subjects had shared a sleeping room with other family members (the percentage range was from approximately 56 to 72. Rapeseed oil was included in the analysis since cooking with rapeseed oil was believed to generate more cooking smoke (fumes) than cooking with other types of cooking oil. Approximately 21% to 90% of the households had used rapeseed oil as the cooking oil across the four district clusters. Table 2 shows the estimated lifetime exposures to heating coal smoke and cooking coal smoke in the four district clusters. Based on these distributions, each subject was assigned to one of four ordinal categories of heating coal smoke exposure, and one of four categories of cooking coal smoke exposure, as follows: control (no reported exposure), lightly exposed, moderately exposed, and heavily exposed. These indoor exposure variables were included in the subsequent logistic regression models to estimate health effects. Table 3 shows the arithmetic mean concentrations of ambient air pollutants in the four district clusters. Cluster 1 appeared to have the lowest combined level of PM 2.5 , PM 10-2.5 , (TSP-PM 10 ), SO 2 , and NO x concentrations, and Cluster 4 appeared to have the highest combined level. Table 4 summarizes the model adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for levels of exposure to heating coal smoke. There were monotonic, positive exposure-response relationships of heating coal smoke exposure with prevalence rates of phlegm, cough with phlegm, and bronchitis. Other health outcomes were not monotonically associated with heating coal smoke exposure. However, ORs for wheeze in the exposed groups were all significantly higher than in the control group, and the OR for asthma in the lightly exposed group was significantly higher than in the control group. Table 5 summarizes the modeled ORs and 95% CIs for levels of exposure to cooking coal smoke. Only the OR of bronchitis in the moderately exposed group was significantly higher than that in the control group. The OR of cough with phlegm in the lightly exposed group was actually significantly lower than that in the control group. For all other health outcomes, the ORs did not differ significantly across the four exposure groups.
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Discussion
The aim of this study was to examine potential associations between long-term exposure to household coal smoke and children's respiratory symptoms and illnesses in the four Chinese cities. We observed monotonic and positive exposure-response relationships between long-term exposure to heating coal smoke and phlegm, cough with phlegm, and bronchitis in children in the four district clusters, respectively. Previous studies, including our own, reported only limited associations of residential coal use with increased prevalence of respiratory symptoms and illnesses in children (Xu and Wang, 1993; Qian et al., 2000) . These previous studies did not assess and compare the relative effects of heating coal smoke and cooking coal smoke. For example, in our previous studies, we were unable to separate heating coal and cooking coal due to much smaller sample sizes. Hence, we only examined the health effects of overall home coal use in Chinese children (Qian et al., 2000) . We found that only the OR of cough in the exposed group was significantly higher than in the control group. Modeled ORs of other respiratory disorders did not differ significantly with exposure level.
Interpretation of the lack of health effects of exposure to cooking coal smoke in this study requires caution in light of the usual difficulties ascribed to exposure assessment in crosssectional studies of long-term health effects. First, health effects were estimated by comparing the children exposed to cooking coal smoke with the control children, in this case, basically the children who were exposed to cooking gas smoke. The combustion of cooking gas could produce more NO 2 (and perhaps other pollutants as well) than that of cooking coal. For example, Zhang et al. (2000) showed that combustion of liquefied petroleum gas produced more NO x than honeycomb coal briquette and unprocessed coal, by comparing emission factors (gram of compound per 1 MJ delivered energy) among different fuels/stoves in China. Thus, exposure to gas cooking could itself have adverse effects on respiratory health. If so, this might have masked any adverse effects of exposure to cooking coal smoke in our analysis. Second, lifetime exposure to cooking coal smoke could not be quantified in the present study, due largely to lack of indoor-outdoor time-activity data. We believe it likely that children were frequently away from home during cooking, and hence may well have avoided much direct contact with highly concentrated indoor air pollutants from coal cooking. Under this scenario, metrics for cooking coal smoke would be subject to greater uncertainty than metrics for heating coal smoke. Third, emissions from cooking coal and heating coal might be different, because the fuel qualities and combustions were different for cooking coal and heating Table 4 . Modeled ORs and 95% CIs for the children's respiratory illnesses and symptoms, with respect to estimated lifetime exposure to heating coal smoke in the four exposure groups: control, lightly exposed, moderately exposed, and heavily exposed in the four district clusters.
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Lightly exposed Moderately exposed Heavily exposed coal . Fourth, the lack of observed health effects of exposure to cooking coal smoke is not consistent with some other Chinese studies. Yang et al. (1995) observed that the high level of indoor air pollution was significantly associated with both a high density of coal stoves at home and more coal used in Wuhan, China. The results also indicated that both a high lung cancer mortality in adults and a high respiratory illness prevalence in children were associated with exposure to cooking coal smoke as well as a high stove density. Additionally, studies in rural Xuanwei County, Yunnan Province, China, showed that smoky coal burning from cooking was an important risk factor for lung cancer in non-smokers (Lan et al., 1993) . Furthermore, Xu et al. (1989) showed that high levels of indoor air pollution from coal-burning stoves contributed to a high prevalence rate of lung cancer among women in northeast China. The reasons for the inconsistency between our study and the above listed studies on the health effects of cooking coal smoke may include (but are not limited to) the following: (1) Coal type difference: smoky coal was used in Xuanwei; however, in the Four Chinese Cities Study, the households generally used non-smoky coal for cooking purposes. (2) Differences in cooking and heating technologies employed: Xuanwei is a remote village where households had been using primitive heating and cooking apparatus. The apparatus emitted more pollutants during cooking and heating than those used in the households of the four Chinese cities. (3) Different susceptibility of the populations under study: it has been reported that subject susceptibility may play a significant role in modifying respiratory health responses to air pollution exposure (Dockery et al., 1989) . In contrast to health effects of exposure to cooking coal smoke, heating coal smoke exposure could be reasonably estimated using the current approach, because the children were usually at home at night when coal heating took place. Therefore, the use of coal for heating can be an effective surrogate for exposure to heating coal smoke. The uncertainty would be smaller for estimating the exposure to heating coal smoke than that for estimating the exposure to cooking coal smoke in this study. However, the stronger association of health outcomes with heating coal smoke than with cooking coal smoke may stem partly from a generic synergy of cold season/flu season with winter heating/heating coal smoke exposure. This generic synergy might increase susceptibility to respiratory infection during this season, and then to increase frequencies of some symptoms associated with the heating coal smoke. Further studies with a longitudinal study design are necessary to see whether there is this generic synergy of heating coal smoke and cold season.
In the present study, metrics of ambient air pollution, as of exposure to cooking coal smoke, are subject to uncertainty. As stated in the previous section, we constructed a district cluster variable to serve as a surrogate for the long-term exposure to high ambient pollution levels of a pollutant mixture of PM 2.5 , PM 2.5-10 , (TSP-PM 10 ), SO 2 , and NO x . This approach does not enable the estimation of districtspecific outdoor air pollution effects. This might have led to some masking of district-specific factors in our analysis ). Based on this consideration, our logistic regression analyses were also conducted by including the eight districts in the models, instead of the four district clusters, with the purpose of examining the consistency of the estimated health effects of exposure to both heating coal smoke and cooking coal smoke. The results (not shown here) were similar to those reported in this paper, but a little weaker, indicating that the estimated health effects in this study were stable and robust.
In summary, the present study suggests that long-term exposure to heating coal smoke could well be an important risk factor for school children's respiratory illnesses and symptoms in these four Chinese cities. This appears to be the case, even in the face of simultaneous exposure to high levels of outdoor air pollution. In data analysis, heating coal smoke exposure was clearly associated with risks of cough with phlegm, bronchitis, wheeze, and asthma. In contrast, we observed no consistent associations of exposure to cooking coal smoke with risk of any of the studied health outcomes.
